A galactose-binding lectin isolated from the venom of Trimeresurus stejnegeri is a homodimer C-type lectin. The cloned cDNA encoding the monomer of Trimeresurus stejnegeri lectin (TSL) was sequenced and found to contain a 5h-end non-coding region, a sequence which encodes 135 amino acids, including a typical 23 amino acid signal peptide followed by the mature protein sequence, a 3h-end non-coding region, a polyadenylation signal, and a poly(A) region. To completely characterize the deduced amino acid sequence, on-line HPLC-MS and tandem MS were used to analyse the intact monomer and its proteolytic peptides. A modified peptide fragment was also putatively identified by HPLC-MS analysis. The deduced amino acid
INTRODUCTION
Snake venoms contain a variety of proteins, some of which affect vertebrate blood coagulation and the platelet aggregation system. Several of these venom proteins, with molecular masses of approx. 30 kDa, consist of two similar disulphide-linked monomers containing a C-type lectin motif, such as the rattlesnake lectin from Crotalus atrox venom [1] , the Lachesis muta stenophyrs lectin [2] , Factor IX\X-binding protein [3] , alboaggregin-B [4] and echicetin [5] . However, most of these proteins do not possess saccharide-binding activity and thus are not true C-type lectins. In a previous study, we purified a galactosebinding C-type lectin from the venom of the snake Trimeresurus stejnegeri designated as TSL [6] . The results of SDS\PAGE, under non-reducing and reducing conditions, suggested that the major constituent of the lectin was a disulphide-linked homodimer of (approx.) 20 kDa monomers with a pI of 8.5. TSL can agglutinate rabbit red cells through a Ca# + -dependent mechanism. The interaction of TSL protein with "#&I-labelled asialo-α " -acid glycoprotein was studied to ascertain the saccharidebinding conditions [7] . The results showed that the saccharide-binding activity of the lectin remained almost unchanged over the pH range 5-10. Among the monosaccharides assayed, galactose was found to be the best inhibitor of binding, with the most important structural feature being the arrangement of the 3-and 4-hydroxy groups.
Proteins that consist entirely of the carbohydrate-recognition domains (CRDs) have been known for a period of time. Only recently have many of these proteins been isolated from snake venoms and characterized at the protein level. Moreover, it has been impossible to be sure that these proteins were not proteolytic Abbreviations used : CAM-, S-carboxamidomethylated ; CRD, carbohydrate-recognition domain ; ESI, electrospray ionization ; LA-PCR, ligationmediated-anchor-PCR ; MBP, mannose-binding protein ; TSL, Trimeresurus stejnegeri lectin. 1 To whom correspondence should be addressed (e-mail kyw0717!sunm.shcnc.ac.cn) The cDNA sequence of Trimeresurus stejnegeri lectin will appear in DDBJ, EMBL and GenBank Nucleotide Sequence Databases under the accession number AF119097.
sequence was found to contain a carbohydrate-recognition domain homologous with those of some known C-type animal lectins. Thus TSL belongs to group VII of the C-type animal lectins as classified by Drickamer [(1993) Prog. Nucleic Acid Res. Mol. Biol. 45, . At present, a number of C-type lectins have been purified from snake venom, but most of them have been characterized only at the protein level. To our knowledge, this is the first known cDNA sequence of a true C-type lectin from snake venom.
Key words : carbohydrate-recognition domain, cDNA sequence, mass spectrometry.
fragments of larger precursors until their cDNA sequences became available [8] .
Here we report the cloning, sequencing and deduced amino acid sequence of the cDNA encoding the lectin from T. stejnegeri venom. The sequence of the N-terminal 30 amino acids was determined directly by automated Edman degradation of the purified protein. The deduced amino acid sequence, consisting of 135 amino acid residues, was confirmed by mapping of proteolytic peptides that were analysed by on-line HPLC-electrospray ionization MS (HPLC-ESI-MS) and tandem MS. When compared with other C-type CRDs, TSL was shown to be composed of covalently linked CRDs belonging to group VII of the C-type animal lectins as classified by Drickamer [9] .
MATERIALS AND METHODS

Purification of TSL and separation of the monomers
TSL was purified from freeze-dried Trimeresurus stejnegeri venom (Huangshan, Anhui, China) as described by Liang and Wang [6] with the following modification : acid-treated Sepharose 6B was used in the first step of the purification, and reverse-phase HPLC was used in the second step. Purified TSL was freeze-dried and stored at k20 mC.
Purified TSL (0.1mg) dissolved in 60 µl of 0.1 M NH % HCO $ (pH 8.3) was reduced by incubation (42 mC for 1 h) with 8 µl of 100 mM dithiothreitol and then S-carboxamidomethylated with 16 µl of 100 mM iodoacetamide (37 mC for 35 min in the dark). Finally, the S-carboxamidomethylated-TSL (CAM-TSL) was isolated free of reagents by reverse-phase HPLC with an acetonitrile\water\trifluoroacetic acid system as described below. 
N-terminal sequence analysis of TSL
The HPLC-purified CAM-monomer was sequenced by automated Edman degradation using an Applied Biosystems (Foster City, CA, U.S.A.) model 491A protein sequencer equipped with a 140C microgradient system.
Amplification of TSL cDNA and determination of a partial cDNA sequence
Total RNA was prepared from T. stejnegeri venom glands by the method of Chomczynski and Sacchi [10] using TRIzol2 reagent (Life Technologies). Single-stranded cDNA was prepared from the mRNA contained in total RNA (5 µg) using the SuperScript Preamplification System (Life Technologies) with the primer T1 ( Figure 1 ). The single-stranded cDNA was then amplified by PCR using N1 (sense) and T1 (antisense) as primers. PCR was carried out with the Expand High Fidelity PCR system (Boehringer Mannheim) and performed in a Perkin-Elmer GeneAmp PCR thermocycler, model 2400, with the following program : cycle 1, 94 mC for 5 min ; cycles 2-7, 94 mC for 45 s, 50 mC for 30 s, 72 mC for 1 min ; cycles 8-41, 94 mC for 45 s, 52 mC for 30 s, 72 mC for 1 min ; cycle 42, 72 mC for 7min. Primary PCR products were re-amplified using primers T1 and N2 to introduce a XhoI restriction site into the 5h-and 3h-ends of the cDNA under the following conditions : cycle 1, 94 mC for 5min ; cycles 2-6, 94 mC for 45 s, 52 mC for 30 s, 72 mC for 1min ; cycles 7-41, each 94 mC for 45 s, 55 mC for 30 s, 72 mC for 1 min ; cycle 42, 72 mC for 7 min.
Amplification of 5h-end of TSL mRNA
The sequence of 5h-end of the cDNA was determined by the method of single-strand ligation-mediated-anchor-PCR (LA-PCR) [11, 12] . In brief, the oligonucleotide T2 was used to prime the first strand cDNA synthesis. T4 RNA ligase (Boehringer Mannheim) was used to covalently join the 5h-phosphorylated-, 3h-blocked-anchor oligonucleotide to the reverse-transcribed first-strand cDNA. The primers were removed by QIAquick PCR Purification Kit (Qiagen). The products of the single-strand ligation reaction were amplified in two successive reactions, PCR1 and PCR2. PCR1 amplification was carried out with the primers AP and R1 under the following conditions : cycle 1, 94 mC for 5 min, 60 mC for 30 s, 72 mC for 10 min ; cycles 2-36, 94 mC for 45 s, 60 mC for 30 s, 72 mC for 1min ; cycle 37, 72 mC for 7 min. One µl of the amplified products was subsequently used in a nested amplification reaction (PCR2) with the primers R2 and AP under the following conditions : cycle 1, 94 mC for 5 min ; cycles 2-6, 94 mC for 45 s, 62 mC for 30 s, 72 mC for 1 min ; cycles 7-31, 94 mC for 45 s, 60 mC for 30 s, 72 mC for 1 min ; cycle 32, 72 mC for 7 min.
DNA sequence analysis
The amplified PCR products were purified by low-melting-point agarose gel (Bio-Rad) electrophoresis and then cloned into a pGEM-T (Promega) or pBluescript II SK + (Stratagene) vector. Escherichia coli host cells, ElectroMAX DH12S (Life Technologies) were transformed with the recombinant plasmids by electroporation. DNA sequencing was performed by the dideoxy chain-termination method using the Sequenase (version 2.0) DNA sequencing kit (Amersham Life Science) and a nucleotide sequencer (model 373A, Applied Biosystems).
ESI-MS of intact TSL monomers
A Hewlett-Packard Model 1100 HPLC system equipped with a 2.1 mmi30 mm Aquapore RP300 C ) column (Applied Biosystems, Santa Clara, CA, U.S.A.) was used to purify 10 µg of reduced and CAM-monomers. Solvent A was 0.02 % (v\v) trifluoroacetic acid in water, and solvent B was 0.02 % (v\v) trifluoroacetic acid in acetonitrile\water (50 : 1, v\v). Proteins were eluted with a linear gradient from 0-100 % (v\v) B over 15 min at a flow rate of 0.2 ml\min. Absorbance at 214 nm was monitored. The HPLC eluate was subjected to ESI-MS using a Finnigan Mat (San Jose, CA, U.S.A.) LCQ TM ion-trap mass spectrometer equipped with an ESI source.
Confirmation of the deduced sequence by peptide mass fingerprinting
Purified CAM-TSL (0.1 mg) was digested with the sequencing grade endoproteinase Glu-C (Sigma) at a ratio of 50 : 1 (w\w) in 80 µl of 30 mM NH % HCO $ , pH 7.8, at 37 mC for 4 h. The digestion was continued for another 20 h with an addition of the same amount of endoproteinase Glu-C. Purified CAM-TSL was also digested with the endoproteinase Lys-C under the same conditions. In each case a 30 µl aliquot of the resulting digest mixture was analysed by on-line reverse-phase HPLC-ESI-MS and tandem MS.
Reverse-phase HPLC was performed as above except the linear gradient was 0-50 % (v\v) solvent B over 90 min at a flow rate of 0.2 ml\min. The MS conditions were as follows : ionization spray voltage, 4.25 kV ; capillary temperature, 200 mC ; capillary voltage, 14.64 kV. Tandem MS was performed in the datadependent mode.
Computer analysis
Multiple sequence alignment was performed using the CLUSTAL W program (version 1.7, June 1997) [13] . As the CLUSTAL W program did not produce exact values of percentage similarity, pair-wise sequence alignments were performed on a SGI workstation using the Wisconsin sequence analysis package (version 9.1, September 1997, Genetics Computer Group, Madison, WI, U.S.A.). Moreover, some identical alignment parameters such as gap penalties and weight matrix were also reset, in agreement with the CLUSTAL W program.
RESULTS AND DISCUSSION
Cloning and sequence analysis of the cDNA encoding TSL N-terminal analysis of the HPLC-purified CAM-TSL yielded the following sequence : SCCTXDSLPMNGMCYKIFDEPKTWEDAEMF with an unidentified residue Xaa&. Generally, phosphorylated or glycosylated amino acid residues are not identified by regular Edman degradation. Therefore we suspected Xaa& to be a threonine residue. Edman degradation of CAM-TSL yielded only a single N-terminal amino acid sequence, which was in agreement with the result of reducing SDS\PAGE, suggesting that TSL is a homodimer.
On the basis of the experimentally determined N-terminal sequence of TSL, we designed a ' guessamer ' N1 and degenerate primer N2 (Figure 1) , encoding the N-terminal peptides Ser"-Asn"" and Pro*-Ile"( respectively. For amplification of the partial coding and 3h-end non-coding regions, two successive PCR reactions were performed with the primers N1 and N2 successively paired with the corresponding antisense primer T1. The major PCR product was 567 bp.
After sequencing of this fragment, antisense primers R1, R2 and T2 were designed for LA-PCR. The single-stranded cDNA reverse transcription was first primed using a TSL gene-specific 
Figure 3 ESI-MS of reduced (a) and CAM-TSL monomers (b)
antisense primer T2. This step permitted the cDNA conversion of specific mRNA, and maximized the potential for complete extension to the 5h-end of the mRNA. Following cDNA synthesis, the purified first-strand products were amplified by PCR using the primers R1 and AP. To increase the specificity of the primary PCR, a nested PCR was carried out with the primers R2 and AP. The sequencing of the nested PCR products revealed the 5h-end non-coding region and a signal-peptide coding sequence of TSL. Combing the results from sequences extending into both the 5h-and 3h-ends allowed us to elucidate the complete cDNA sequence of TSL. The 750 bp sequence contained a 5h-untranslated region of 91 bp, an open reading frame of 474 bp, a stop codon, and a 3h-end non-coding region of 182 bp that included a poly(A) signal site followed by a poly(A) tail (Figure 2) .
The deduced amino acid sequence contained a very hydrophobic sequence of 23 residues, corresponding to a signal peptide that is similar to the one described for Factor IX\X-binding protein [14] , bothrojaracin [15] , and convulxin [16] . In addition, the unidentified residue at position 5 from the N-terminal sequencing by Edman degradation was identified as Asn by sequencing of the cDNA clones. Since the lectin has a potential Asn-X-Thr\Ser sequence, which is known as a sequon for the attachment of carbohydrate to asparagine, the residue Asn& is likely to be linked to a carbohydrate.
Confirmation of amino acid sequences by HPLC-ESI-MS
To better characterize the deduced amino acid sequence, the reduced and CAM-intact monomers were analysed by HPLC-ESI-MS. Mass determination of TSL monomer by ESI-MS was repeated several times, and two typical spectra are presented in Figures 3(a) and 3(b) . The molecular mass of reduced TSL (17 924.2p2.4 Da) was increased by 571 Da for CAM-TSL Table 1 
HPLC-ESI-MS analysis of proteolytic products of CAM-TSL
All cysteine residues have been converted into CAM-cysteine. Prefixes S and K denote peptides generated by digestion with endoproteinase Glu-C and Lys-C respectively. The products are numbered according to the order of the proteolytic peptide fragments separated by HPLC. (18 495.3p1.5 Da). This result was consistent with the presence of ten half-cystine residues in the derivatized TSL, which corresponds to the ten cysteine residues in the deduced amino acid sequence. The mass spectrum of the peptide mixture resulting from enzymic digestion of a protein can provide a mass fingerprint, which is specific enough to identify the protein uniquely [17] . Therefore, the endoproteinase Glu-C and Lys-C digests of CAM-TSL were separated by reverse-phase HPLC on-line with an iontrap mass spectrometer. The experimental mass values were then compared with peptide mass values, calculated by applying the enzyme cleavage rule to the deduced amino acid sequence ( Table  1 ). The assignment of every peak was further confirmed by tandem MS sequencing of the peptides (results not shown). In general, the observed masses matched those deduced from cDNA sequence. However, peaks S4 and S7 showed values in mass inconsistent with the predicted proteolytic fragments. These corresponded to the peptides Phe%$-Glu%) and Met#*-Ser%#, possibly representing a non-specifically cleaved peptide bond between residues 42 and 43. This result was confirmed by tandem MS. We also found that the deduced molecular masses of the unmodified peptides Ser"-Asp' and Ser"-Lys"' were not compatible with corresponding peaks in the HPLC-ESI-MS profile of the proteolytic products. A possible explanation was that the two peptide fragments were modified. In addition, close examination of the ESI-MS spectrum of reduced monomers showed some heterogeneity in the mass range. These results suggested that there might be heterogeneity due to glycosylation of the residue Asn&, supporting the assumption that TSL is a glycoprotein (R. Zeng, Q. Xu, K.-Y. Wang and Q.-C. Xia, unpublished work). Of course it should be possible to locate the precise modification site(s) by sequencing the modified and
Figure 4 Alignment of sequence of TSL with those of the known C-type CRDs
The sequences are : LMSL, C-type lectin from L. muta stenophyrs venom [2] ; RSL, rattlesnake lectin from C. atrox venom [1] ; ASGPR, rat liver asialoglycoprotein receptor-1 [18] ; HLIT, human lithostathine [19] ; SUL, sea-urchin lectin [20] ; ABL, acorn-barnacle lectin [21] ; MBP, rat serum mannose-binding protein [22] . Gaps have been inserted to maximize similarity. Stars ( ) indicate the residues that are completely conserved between TSL and other CRDs. 
Sequence similarity between TSL and other C-type CRDs
To further characterize the structure of TSL, we compared its deduced amino acid sequence with those of other known C-type CRDs (Figure 4 ). There was an obvious high degree of similarity between TSL and rattlesnake lectin and L. muta stenophyrs lectin (82.2 % and 85.2 % identity respectively). The above three lectins contain 135 residues per monomer and the positions of the nine cysteine residues are the same. However, TSL possesses an additional cysteine residue at position 2. In addition, TSL showed the following percentages of identity with other heterodimeric snake venom C-type-lectin-like proteins : the α and β subunits of botrocetin [23] , 39.4 % and 38.2 % respectively ; the β and α subunits of echicetin [5] , 37.8 % and 36.3 % respectively ; the B and A chains of habu IX\X-binding protein [3] , 33.6 % and 33.3 % respectively. From the known patterns of disulphide bridges in three of the C-type-lectin-like proteins from snake venoms (e.g. factor IX\X-binding protein from Trimeresurus fla o iridis [24] , botrocetin from Bothrops jararaca [23] , and the homodimeric rattlesnake lectin from C. atrox [1] ), the location of the disulphide bridges in the TSL protein could be deduced. Four intrachain disulphide bridges linked Cys$ to Cys"%, Cys$" to Cloning of a novel snake venom lectin Cys"$", Cys$) to Cys"$$, and Cys"!' to Cys"#$. Two half-cystine residues, Cys# and Cys)', could have participated in the formation of the interchain disulphide bridges. Furthermore, the additional cysteine (Cys#) may account for a minor component (homooligomer) observed by SDS\PAGE under reducing conditions.
The amino acid sequence of TSL is also homologous with those of two venom and some other known non-venom CRDs, with eleven amino acid residues (Cys$", Glu%), Gly'*, Asp(#, Trp*#, Pro*(, Cys"!', Trp""), Asp"#!, Cys"#$ and Cys"$") completely conserved, and fourteen residues well conserved. It is also striking that TSL shows 41.1 % amino acid sequence identity with rat liver asialoglycoprotein receptor, a well-characterized galactosebinding C-type animal lectin.
In comparison with the rat mannose-binding protein (MBP), four residues (Asp"'", Glu"'&, Asp")), and Asp"*%), which coordinate Ca# + number 1, are not well conserved in TSL [25] . This fact suggests that differences in the position of Ca# + site 1 in TSL, as observed in selectins [26] , are likely lead to differences in the details of Ca# + -dependent local conformational changes. In addition, we have also noted that the TSL molecule conserves three of the five Ca# + -binding residues in the Ca# + number 2 site found in MBP, with the tripeptide sequence Glu")&-Pro")'-Asn")( in MBP replaced by the corresponding sequence Gln*'-Pro*(-Asp*) in TSL. This interesting phenomenon may be due to the different sugar-binding specificity in TSL compared to MBP. In fact, experiment has shown that the double substitution (Glu")& Gln and Asn")( Asp) MBP mutant binds to galactose in preference to mannose by a factor of 3 [27] . Taken together, these data imply that TSL possesses a C-type CRD folding mode and a Ca# + -binding site 2 similar to MBP, in spite of its low overall sequence similarity.
Although many of the CRD-containing proteins have been sequenced, most of them are mosaic proteins composed of CRDs and other domains. From the evolutionary point of view, C-type lectins from snake venoms seem to lie between the simple proteins that consist of just a C-type CRD and the complex, multidomain proteins of other vertebrates. Moreover, these Ctype lectins exhibit little or no homology in domains other than the CRD [28] . However, TSL, as a galactose-binding protein in group VII of the C-type animal lectins as classified by Drickamer [9] , consists simply of one isolated free CRD. Thus, further studies on its binding sites and three-dimensional structure will be helpful to a better understanding of the structure-function relationships of CRDs. We believe that TSL should also be an excellent model system to study the interaction between CRD and carbohydrate ligands. 
